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Abstract  10 
The energy sector is a major user of fresh water resources in China. We investigate the 11 life cycle water withdrawals, consumptive water use, and wastewater discharge of 12 China’s energy sectors and their water-consumption-related environmental impacts, 13 using a mixed-unit multi-regional input-output (MRIO) model and life cycle impact 14 assessment method (LCIA) based on the Eco-indicator 99 framework. Energy 15 production is responsible for 61.4 billion m3 water withdrawals, 10.8 billion m3 water 16 consumption and 5.0 billion m3 wastewater discharges in China, which are equivalent 17 to 12.3%, 4.1% and 8.3% of the national totals, respectively. The most important 18 feature of the energy-water nexus in China is the significantly uneven spatial 19 distribution of consumptive water use and its corresponding environmental impacts 20 caused by the geological discrepancy between fossil fuel resources, fresh water 21 resources and energy demand. More than half of energy-related water withdrawals 22 occur in the east and south coastal regions. However, the arid north and northwest 23 regions have much larger water consumption than the water abundant south region, 24 and bear almost all environmental damages caused by consumptive water use.  25 
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1. Introduction 30 
Energy and water are two fundamental resources that support most aspects of human 31 well-being. It has been increasingly recognized that energy and water sustainability 32 are inextricably intertwined (1). The energy sector is the second largest water user in 33 the world in terms of withdrawals, following irrigation (2). Almost every stage in the 34 energy supply chain needs water in various ways (3, 4), e.g., water is used for drilling 35 and fracturing in oil and gas exploration(5, 6); large volumes of cooling and processing 36 water are often needed in thermal power generation (3, 7-9); some feedstocks for 37 biofuels need considerably large amounts of water (10-15). Besides its impact in terms 38 of the magnitude of water consumed and withdrawn, energy production can also cause 39 serious degradation to the local aquatic environment. Fossil fuel extraction, especially 40 coal mining, can pollute aquifers and lead to ecosystem and health damages (16, 17).   41 
A water-constrained future makes water an increasingly important vulnerability in the 42 energy sectors (18, 19). Water shortages caused by an over exploitation of freshwater 43 resources and drought have already affected the electric generation in some parts of 44 the world (2). On the one hand, such an impact is likely to occur with more frequency 45 in the future due to climate change (19, 20). On the other hand, driven by growing 46 population and economic growth, the energy sector will continue to expand and this 47 expansion will continue to increase the pressures on fresh water demand in many 48 nations(20-22). For example, Davies et al. (23) shows that global consumptive water use 49 by electric power generation could increase by 4-5 times from 2005 to 2095. 50 
As a reflection of the growing concerns about the growing pressures of energy 51 production on water resources, an increasing number of studies aimed to 52 systematically quantifying the energy-water nexus in water scarce nations and regions, 53 
such as the Middle East and North Africa(24); Mexico(25); Spain(26); and the United 54 States(27-30) . However, no comprehensive study is currently available for China, even 55 though China’s energy-water nexus presents some distinct features. First, China is 56 already suffering from severe water shortages. The average annual per capita 57 renewable water resources in China are only about one third of the world’s average 58 (31).  The annual per capita water resources in the 10 provincial jurisdictions, where 59 34% of China’s population live, are well below 1000 m3(32), which is the widely 60 regarded water scarcity threshold (See Figure S1 in the Supporting Information). 61 Second, driven by China’s unprecedented economic boom over the past decade, total 62 primary energy production has more than doubled between 2000 and 2010 (33). The 63 competition for limited water resources between users in the energy industry, other 64 industries, and other users (e.g., irrigation and domestic use) is intensifying. Third, 65 there exists a significant geological mismatch between the distribution of coal 66 resources, the dominant primary energy source in China, and that of water resources. 67 The three provinces with the largest coal outputs in China, namely, Shanxi, Shaanxi 68 and Inner Mongolia, contribute more than half of the total national coal output and 69 16% of thermal power generation, but are only endowed with 3% of national water 70 resources (33).  Fourth, China is a major player in the world energy market, with 71 17.3% of global energy production and 17.5% of global consumption in 2010(34).  72 
Most previous studies on investigating the energy-water nexus have used 73 technology-based bottom up accounting methods to calculate water use (water 74 withdrawals and/or consumptive water use) in energy sectors. These studies multiply 75 activity levels of different energy production technologies with corresponding water 76 intensity (24, 30). While these studies calculate the direct water withdrawals and/or 77 consumption of the energy sector, indirect water use embodied in the upstream supply 78 chains of energy production are usually not included. Furthermore, few studies 79 accounting for the life-cycle water withdrawal, consumption, and discharge (mainly 80 using input output analysis techniques) have assessed the environmental impact of 81 water use in the energy sector.  82 
In this study, we focus on the life cycle water use of energy production and its 83 environmental impact in China. We quantify life cycle freshwater withdrawals, 84 consumptive water use and wastewater discharge of eight energy products (namely, 85 coal, crude oil, natural gas, petroleum products, coke, electricity, heat and gases) at 86 the provincial level. The definition of consumptive water use adopted in this study is 87 also consistent with the widely accepted notion of blue water footprint (35). In order to 88 cover the full supply chain of energy production, we base our analysis on a mixed-unit 89 multi-regional input-output (MRIO) model, in which data on energy consumption and 90 water use in physical units are merged with monetary input-output (IO) tables. In the 91 impact assessment step, the method and data provided in Pfister and colleagues (36) is 92 used to quantify damages to human health, ecosystem quality and resources caused by 93 life cycle water consumption of energy production. This provides insights to 94 researchers and policy makers interested in: (1) understanding the spatial 95 characteristics of China’s energy-water nexus; (2) mitigating environmental impacts 96 
related to consumptive water use caused by energy production in hotspot regions and 97 (3) identifying the water-related implications of future energy plans and of severe 98 droughts. 99 
 100 
2. Methodology and Data 101 
2.1 Mixed unit MRIO model 102 
The multi-regional input-output analysis model (MRIO) is widely used to trace the 103 supply chain environmental impacts embodied in trade activities from a 104 consumption-based perspective (37-40), with plenty studies conducted at both global 105 (41-43) and national scales (44-47).  The basic equation of a MRIO model containing R 106 regions can be expressed as follows:   107 
  1* * * * *W= X = I-A Yf f    (1) 
where T* 1 r RX , , , ,x x x   L L  is the aggregated output vector of all sectors in all 108 
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aggregated final use vector; rsy  is a column vector represents goods or services 111 
produced in region r and consumed in region s; rex  is a column vector represents 112 
exports from region r; and * 1 r R, , , ,f f f f   K K  is the water use coefficient 113 
vector, referring to water withdrawal, water consumption, or wastewater discharge 114 intensities in different calculations. W is the total water withdrawals, water 115 
consumption or wastewater discharges driven by the final demand  *Y .  116 
Mixed-unit input-output models are an extension of standard monetary IO analysis.  117 They integrate monetary input-output data and mass flows expressed in physical units 118 into a consistent framework and capture the characteristics of both economic 119 transactions and material flows in an economy (48, 49). This study constructed 120 mixed-unit IO tables for each province. Monetary input-output data of energy and 121 water sectors in the original IO tables are replaced by sector-wise energy consumption 122 and water use data in physical units extracted from various data sources. Then, 123 provincial IO tables are compiled into a mixed-unit MRIO table by using a gravity 124 model (50, 51) to estimate inter-regional trade flows. In order to extract supply chain 125 water use by different energy products produced in different regions, we use a 126 
deduction approach in the calculation. More methodological details are presented in 127 the Supporting Information.  128 
 129 
2.2 Data sources  130 
We put together a mixed-unit MRIO table of China for 2007 (the latest year with data 131 available), including 30 provincial jurisdictions, eight energy products in physical 132 units, one water production and distribution sector in physical units and 22 133 non-energy and non-water sectors in monetary units. Three groups of data are used in 134 this research: (1) provincial monetary IO tables; (2) provincial and sectoral energy 135 production, consumption, and trade data; and (3) provincial and sectoral freshwater 136 withdrawal, water consumption and wastewater discharge data.  137 
The monetary IO tables of each province (52) are first transformed into a mixed-unit 138 IO table with energy and water data. Five energy sectors in the original monetary IO 139 tables are removed and replaced by eight energy products expressed in physical units 140 (Table 1 presents the mapping between monetary sectors and physical accounts). 141 Production, consumption and trade amounts of energy products are sourced from the 142 provincial energy balance tables (53) and the energy consumption surveys reported in 143 China’s second national economic census (54).  144 
Table 1. Mapping the relationship between monetary sectors and energy and 145 water products 146 
 Original monetary sectors in the IO 
tables 
Corresponding physical 
accounts in the mixed-unit IO 
tables 
Energy  Coal mining Coal 
Crude oil and natural gas extraction Crude oil 
Natural gas 
Oil refining and coking Petroleum products 
Coke 
Electric and heat production Electricity 
Heat 
Gas production and distribution Gases a 
Water Water production and distribution Tap water 
a “Gases” includes coal gas and all kinds of recovered gases from industrial processes, such as 147 
coke oven gas, blast furnace gas and converter gas. 148 
Water use data collection and estimation takes many steps. Water withdrawal and 149 wastewater discharge by industrial sectors are reported in the first national pollution 150 
source census in China conducted by Ministry of Environmental Protection (MEP) 151 and National Bureau of Statistics (NBS) (55). This is the most comprehensive dataset 152 currently available that provides sector-wise statistics of water withdrawal and 153 wastewater discharge in each province. Information on irrigation water withdrawal 154 and water consumption in the agriculture sector is extracted from the various 155 provincial water resources bulletins. Precipitation, or green water use, is not included, 156 since green water is usually not subjected to competitive demand. The sector-wise 157 water consumption is not reported in the different industrial sectors. Thus, except for 158 the “electricity” sector, we assume that the water consumption of the different 159 industrial sectors equals their water withdrawal minus wastewater discharge. This 160 means that the water withdrawals that do not return back to the environment in the 161 form of wastewater (either treated or untreated) is ‘consumed’ through evaporation, 162 absorption by products, and/or other losses. Consumptive water use by the 163 “electricity” sector in each province needs to be estimated separately. Because of the 164 lack of information to provide reliable estimates at provincial level, water 165 consumption related to hydropower generation due to evaporation is not included in 166 this study. Therefore, consumptive water use of “electricity” sector in this study is 167 related to thermal power generation. Three types of cooling technologies are used in 168 China, i.e., once-through cooling, closed-loop cooling and air cooling, and they have 169 very different water consumption performance profiles. We first estimate the 170 proportions of the three cooling technologies in each province based on a literature 171 survey and our own calculations. Then, we use data on the average water consumption 172 factor of the different cooling technologies reported in the China Electricity Council’s 173 Thermal Power Unit Benchmarking and Competition Dataset (56, 57) to calculate total 174 water consumption by thermal power generation in each province. Details about the 175 steps of estimating water consumption data are provided in the Supporting 176 Information. After compiling provincial mixed-unit IO tables, we balance the 177 provincial IO tables at the national level and extend these single-province IO tables to 178 a MRIO table based on the method of estimating inter-regional trade flows presented 179 by Zhang and Qi (58).    180 
 181 
3. Results  182 
3.1 Life cycle water use per unit energy products 183 
National average values of life cycle water use for each of the eight energy products 184 by unit energy are presented in Table 2. Electricity has the highest water intensity 185 across all indicators. Life cycle water withdrawals, water consumption and 186 wastewater discharge intensities of electricity are 5263 m3/TJ, 234.2 m3/TJ, 656.7 187 m3/TJ respectively (or 18.9 m3/MWh, 0.84 m3/MWh and 2.36 m3/MWh). Direct water 188 use accounts for 82% of the electricity life cycle water withdrawal, 63% of life cycle 189 water consumption and 39% of life cycle wastewater discharge. 190 
The life cycle water use of all other energy products is much lower than that of 191 electricity. Large proportions of their life cycle water use are embodied in the 192 
upstream supply chains of the other seven energy products. Coal is the dominant 193 primary energy source in China. Life cycle water withdrawals, water consumption and 194 wastewater discharge intensity of coal are 106.4 m3/TJ, 41.5 m3/TJ and 38.4 m3/TJ 195 respectively (or 2.22 m3/tonne, 0.87 m3/tonne, and 0.8 m3/tonne), in which 17%, 22% 196 and 74% are direct water use. It is noteworthy that coal is the only energy product 197 whose direct wastewater discharge intensity exceeds its direct water withdrawal 198 intensity. This is because large volumes of mine drainage are generated and 199 discharged during coal mining process. The water intensity of the “Gases” products is 200 the smallest. This is because a large proportion of gases are recovered as by-products 201 in industrial production processes, such as coking, and iron and steel making. Water 202 use in the main production processes is not allocated to the recovered gases, since 203 their economic values are rather small when compared with the main products and the 204 recovering of gases has a negligible impact on the water use of the main production 205 process.   206 
 207 
Table 2. National average life cycle water use per unit energy products (m3/TJ) 208 
 a Including both coal-fired thermal power generation and non-coal power generation.  209 
  Coal Crude oil Natural gas Petroleum products Coke Electricity 
a Heat Gases 
Water withdrawal Direct 18.4 37.2 13.6 87.2 36.1 4306.5 609.4 7.0 
Life-cycle 106.4  257.9  104.5  446.8  217.7  5263.0 901.3  42.4 
Water consumption Direct 8.9 26.3 9.5 37.9 26.2 410.9 81.2 4.5 
Life-cycle 41.5  99.1  41.2  168.3  95.4 656.7  172.7  18.4  
Wastewater discharge Direct 28.3 11.0 4.1 49.3 9.9 90.6 15.7 2.4 
Life-cycle 38.4  42.8  18.7  104.3  52.7  234.2  81.8  8.6  
 210 
Figure 1. Life cycle water withdrawal and water consumption per kWh of 211 electricity by region. 212 
 213 
Regional differences of water use intensity are significant, especially for water 214 withdrawals. Taking electricity for example, as illustrated in Figure 1, life cycle water 215 withdrawal intensity can be as high as 69.5 m3/MWh in Shanghai and as low as 1.2 216 m3/MWh in Qinghai. Such a large difference is driven by a multiplicity of factors, e.g., 217 the mix of power generation technologies, the adoption of different cooling methods 218 in thermal power plants, and the structure of intermediate inputs of the power sector. 219 In Shanghai, all electricity is produced by thermal power plants, but hydropower plays 220 a dominant role in Qinghai. Since in-stream water use and evaporation from reservoirs 221 related to hydropower generation are not considered in this study, the average water 222 withdrawal and consumption intensity of electricity production in Qinghai are both 223 the lowest. In terms of water consumption intensity, Beijing has the highest value of 224 3.81 m3/MWh. Generally speaking, areas with poor water availability and a higher 225 proportion of thermal power generation tend to have lower water withdrawals and 226 higher water consumption intensity of electricity. Places with such characteristics are 227 mainly located in northern China where water resources are scarce, such as Beijing, 228 Tianjin, Shandong, Henan and Shanxi province.  229 
 230 
3.2 Sector disaggregation of total life cycle water use related to energy 231 
production 232 
The energy sector is a significant water user in China. Table 3 presents total life cycle 233 
water use of energy production and its sectoral disaggregation. Total life cycle water 234 withdrawal, water consumption and wastewater discharge in 2007 amount to 61.4 235 billion m3, 10.8 billion m3 and 4.95 billion m3, respectively, which equivalent to 236 12.3%, 4.1% and 8.3% of national totals, respectively. The proportion of direct water 237 use by energy sectors is 87.3% for water withdrawal, 59.5% for water consumption 238 and 72.1% for wastewater discharge. Electricity generation plays a very significant 239 role in both in terms of water withdrawal and water consumption, as it accounts for 240 79.3% of total withdrawal and 47.0% of total consumption. For wastewater discharge, 241 coal production makes up the largest contribution, with 32% of total wastewater water 242 discharge. Among other non-energy sectors, agriculture is the major source of 243 embodied water use, with 9.4% of total life cycle water withdrawal and 34.7% of 244 water consumption. As expected given China’s heavy reliance on coal, the 245 energy-water nexus in China is dominated by coal-fired power generation. 246 
Table 3. Sectoral disaggregation of life cycle water use of energy production in 247 China 248 
Sectors 
Water withdrawal a Wastewater discharge Water consumption 
 million m3 % million m3 % million m3 % 
National total 504,208 - 59,545 - 266,195 - 
Total life cycle water use 61,356 100 4,952 100 10,839 100 
Direct use by energy sectors 53,560 87.3 3,568 72.1 6,453 59.5 
Coal 1025.9  1.67 1584.4  32.00 495.5  0.85 
Crude oil 296.9  0.48 87.6  1.77 210.3  1.91 
Natural gas 39.3  0.06 11.8  0.24 27.5  0.25 
Petroleum products 1234.2  2.01 697.4  14.08 536.8  4.88 
Coke 344.0  0.56 94.6  1.91 249.4  2.27 
Electricity 48635.9  79.28 1023.6  20.67 4641.4  47.01 
Heat 1923.5  3.13 49.4  1.00 256.3  2.59 
Other gases 55.4  0.09 19.3  0.39 36.1  0.33 
Indirect use by other sectors 7796 12.7 1383 27.9 4386 40.5 
Agriculture 5788.8  9.44 0.0  0.00 3761.3  34.70 
Metal ores mining 106.5  0.17 42.2  0.85 64.3  0.59 
Nonmetal ores mining 19.6  0.03 4.8  0.10 15.4  0.14 
Food, beverage and tobacco 37.1  0.06 27.5  0.56 9.6  0.09 
Textile 38.8  0.06 31.3  0.63 7.6  0.07 
Wearing apparel and leather products 11.8  0.02 8.8  0.18 3.0  0.03 
Timber processing and furniture 4.6  0.01 2.6  0.05 2.0  0.02 
Paper products and education articles 223.1  0.36 179.8  3.63 43.3  0.40 
Chemical products 388.7  0.63 231.7  4.68 157.0  1.45 
Non-metallic mineral products 25.9  0.04 7.1  0.14 18.8  0.17 
Ferrous and non-ferrous metals 235.1  0.38 85.0  1.72 150.0  1.38 
Metal products 14.4  0.02 10.3  0.21 4.1  0.04 
General and special purpose 
machineries 
23.4  0.04 13.5  0.27 9.9  0.09 
Transport equipments 14.0  0.02 8.6  0.17 5.4  0.05 
Electrical equipments 8.6  0.01 5.0  0.10 3.6  0.03 
Communication and electronic 
equipments 
4.6  0.01 3.3  0.07 1.3  0.01 
Measuring instruments and office 
supplies 
2.3  0.00 1.3  0.03 1.0  0.01 
Other industrial products 4.1  0.01 2.7  0.06 1.3  0.01 
Construction 22.1  0.04 18.8  0.38 3.3  0.03 
Transportation, storage and postal 
services 
128.4  0.21 109.2  2.20 19.3  0.18 
Wholesale, retail, lodging and 
catering 
215.5  0.35 183.1  3.70 32.3  0.30 
Other services 478.6  0.78 406.9  8.22 71.8  0.66 
a Tap water withdrawals are included in the water withdrawals by each sector. 249 
 250 
3.3 Spatial distribution of life cycle water use related to energy production 251 
In arid areas where water resources are scarce, thermal power plants generally adopt 252 closed-loop cooling systems to avoid the need to withdraw large amounts of water. 253 Consequently, consumptive water use has increased dramatically due to evaporation. 254 This leads to further depletion of the local water resources and intensifies water 255 shortages. The tradeoff between water withdrawal and water consumption is explicitly 256 revealed in our calculation. Subplot (a) and (b) in Figure 2 illustrates the provincial 257 breakdown of water withdrawal and water consumption related to energy production 258 
in China. 259 
Most energy-related water withdrawals occur in the eastern and southern coastal 260 regions of China. Water withdrawal in Guangdong, Jiangsu, Zhejiang and Shanghai 261 are 10.6, 10.5, 7.0 and 4.5 billion m3, respectively, which are equivalent to 23%, 24%, 262 30% and 49% of their total local water withdrawal for all sectors and account for 53% 263 of the national total energy-related water withdrawal. The Yangzi River Delta in the 264 east coast and the Pearl River Delta in the south coast are China’s major 265 manufacturing hubs and most populated areas. Electricity production and 266 consumption are high in these regions. In addition, their better water resources 267 availability, compared with northern regions, results in a greater penetration of 268 once-through cooling technology, thereby leading to large water withdrawals in the 269 four aforementioned provinces.  270 
The spatial distribution of energy-related water consumption differs tremendously 271 from that of water withdrawals. There is generally an inverse pattern between the 272 spatial distribution of water consumption and freshwater resources in China. The first 273 five provinces with the largest energy-related water consumption are Shandong (995 274 million m3), Shanxi (879 million m3), Henan (855 million m3), Hebei (718 million m3) 275 and Jiangsu (713 million m3), which together account for 38.4% of the national total. 276 Most areas of these provinces are located in the Huang-Huai-Hai River Bain, where 277 the most severe water shortage problems in China occur.  278 
The spatial distribution of wastewater discharge is quite similar to that of water 279 consumption. As shown in the subplot (c) in Figure 2, northern China also bears a 280 large proportion of energy-related wastewater discharges. Liaoning has the biggest 281 discharge amount, i.e., 526 million m3, which accounts for 10.6% of the nation total.  282 Other major contributors include Henan (422 million m3), Shandong (402 million m3) 283 and Hebei (334 million m3). 284 
 285 
Figure 2. Spatial distribution of life cycle water withdrawals, water consumption, 286 wastewater discharge and environmental impacts related to consumptive water 287 use of energy production in China (Values are proportional to the area of 288 corresponding circles—the scales are different).  289 
 290 
3.4 Environmental impacts of life cycle consumptive water use of energy 291 
production   292 
The environmental impact needs to be understood to inform policy making on water 293 resources management (59). The same volume of water consumption may have more 294 significant impacts on human wellbeing and ecosystem health in water scarce regions 295 than in water abundant regions. Considering China’s large territory and significant 296 differences in spatial water resource distribution, integrating the volumetric amount of 297 water use by energy production with regional specific environmental impacts is 298 critical to identifying the areas in China where the energy infrastructure is posing or 299 may pose the most difficult water resource challenges.   300 
In this section, we use the impact assessment method developed by Pfister and 301 
colleagues (36) to estimate the water-consumption-related environmental impacts 302 induced by energy production at the provincial level. This method, based on the 303 framework of Eco-indicator 99(EI99) (60), quantifies potential damages per cubic 304 meter of water consumption on three aspects: (1) human health measured as 305 disability-adjusted life years (DALY) caused by malnutrition due to water shortages 306 for irrigation; (2) ecosystem quality measured as water-shortage related potentially 307 disappeared fraction (PDF) of species in an area over a period of time; and (3) 308 resources represented by energy requirements of desalination as a backup technology 309 to replace the depleted water resources. Damages per unit water consumption, i.e., the 310 characterization factors, and equivalent EI99 scores of the three impact categories at 311 the watershed level provided in the literature (36) are aggregated at the provincial level 312 (See Supporting Information for details of data aggregation). Life cycle freshwater 313 consumption by energy production in each province is then multiplied with 314 corresponding characterization factors and EI99 scores to calculate total damages. 315 
National total damage to human health, ecosystem quality and resources related to life 316 cycle water consumption by energy production in China are 4,027 DALY,  3.1×109 317 [PDF·m2·yr], and 25.2 PJ, respectively. The aggregate impact translated into EI99 318 points (pts) of the three categories are 104.7, 240.7 and 598.7 million pts, respectively. 319 Potential damage to resources (which accounts for 63.4% of the country’s total 320 water-consumption-related damages of energy production) is larger than damages to 321 ecosystem quality (accounts for 25.5%) and human health (accounts for 11.1%). A 322 main reason is that over-withdrawals of freshwater resources widely occur in many 323 watersheds in north China, where major energy production bases are located. Huge 324 amounts of energy are potentially needed if the depleted water resources in those 325 regions are to be replaced by sea water desalination, which is regarded as a backup 326 technology for freshwater provision. 327 
 328 
Figure 3. Composition of environmental impact and share of direct impact 329 attributed to energy production in hotspot regions. Column bars represent impact 330 scores (left scale) and triangles represent share of direct impact of energy production 331 (right scale). 332 
 333 
As shown in the subplot (d) in Figure 2, the spatial distribution of the environmental 334 impacts caused by consumptive water use is much more uneven than the distribution 335 of water consumption itself. Xinjiang, Hebei, Shanxi, Jiangsu, Shandong, Henan, 336 Gansu and Inner Mongolia altogether bear 85.4% of the total environmental impacts, 337 while energy-related consumptive water use occurred in these provinces account for 338 51.4% of the national total.  Compositions of impacts in these hotspot regions are 339 presented in Figure 3. The largest human health impacts occur in Shandong, while the 340 largest damage to ecosystem quality and resources both occur in Xinjiang. However, 341 indirect water consumption embodied in the upstream supply chain of energy 342 production is responsible for most (76.2%) of the impacts in Xinjiang. In southern 343 China, water consumption-related environmental impacts are almost negligible, 344 compared with northern China. More details of the water use in energy production 345 and its corresponding impacts by province are presented in the Supporting 346 Information. 347 
 348 
4 Discussion 349 
In this study, life cycle water use and corresponding environmental impacts caused by 350 
water consumption in China are investigated. Overall, China’s energy sectors are 351 responsible for 12.3%, 4.1% and 8.3% of the national total water withdrawals, water 352 consumption (excluding that of hydropower) and wastewater discharge, respectively. 353 Coal-fired power generation plays a dominate role in both energy-related water 354 withdrawals and water consumption. When compared to other regions throughout the 355 world, the share of China’s energy sectors in the total national water use is much 356 larger than that of other arid countries such as countries in the Middle East(24), but 357 smaller than some water abundant countries such as the United States, where nearly 358 half of the total water withdrawals are directly used by thermal power generation(61).  359 The most important feature of energy-water nexus in China is the significantly uneven 360 spatial distributions of water use and its environmental impacts caused by the 361 geological discrepancy between fossil fuel resources, water resources and economic 362 activities. While more than half of energy-related water withdrawals occur in the 363 eastern and southern coastal regions, the arid northern region has much larger water 364 consumption than the water abundant southern region. The environmental impacts 365 related to the consumptive water use concentrate in several hotspots provinces in 366 northern China. 367 
China is likely to continue to experience rapid expansion of coal-based thermal power 368 generation along with its rapid economic development. According to the national 12th 369 five-year (2011-2015) development plan of China’s power sector (62), total capacity of 370 coal-based thermal power is expected to reach 0.93 TW in 2015 and 1.17 TW in 2020, 371 compared with 0.71 TW in 2010, and accounts for 63.5% and 60.5% of the total 372 installed capacity respectively. Stimulated by the enormous impulse of developing 373 local economy, local governments in major energy production provinces have outlined 374 even more ambitious blueprints for their energy sectors. For example, the planned 375 incremental capacities of coal-fired electricity during the 12th five-year in eight 376 provinces in north and northwest regions, i.e., Hebei, Shanxi, Inner Mongolia, 377 Shandong, Henan, Shaanxi, Ningxia and Xinjiang, add up to 0.23 TW, which, 378 surprisingly, exceeds China’s national plan (See Figure S3 in the Supporting 379 Information for planned incremental capacities in these provinces). Coal-based 380 thermal power capacity is planned to more than double in Shanxi, Shaanxi and 381 Ningxia during 2010-2015. In Xinjiang, fourfold increase may be achieved in 2015 382 compared with 2010. Considering that the existing environment impacts caused by 383 energy production are already significant in these regions, these electricity generation 384 plans involving significant expansions could potentially contribute to more serious 385 water-related environmental damages if the planned expansion does not rely on 386 air-cooling technology.  387 
Relieving the pressure of growing energy production on water resources in China is 388 likely to require comprehensive measures. Wide adoption of water-saving 389 technologies in the power sector in northern China, such as air cooling technology, is 390 of key importance (63). Many advanced power technologies, such as ultra-supercritical 391 coal power systems, large-scale circulating fluidized bed (CFB) technology and 392 integrated gasification combined cycle (IGCC) plants with higher conversion 393 
efficiency and lower water intensities have started to be deployed since late 2000s 394 (64-66). Compared with traditional subcritical thermal power generation, ultra 395 supercritical technology can reduce water consumption intensity by more than 10% 396 and IGCC by 40% (67).  397 
Over the longer term, the challenge posed by the geographic mismatch of water 398 resources and energy production requires a strategy of increased decoupling between 399 the energy sector and freshwater resource demand, especially in regions with high 400 environmental impacts. Options include (but are not limited to) the increased 401 deployment of wind power and solar photovoltaic power, which have started receiving 402 government support in the mid-2000s (68-71); nontraditional water resources utilization 403 in the energy sector, e.g., using treated municipal wastewater; and a larger role for the 404 construction of coastal power plants to allow the use of sea water for cooling (72, 73).  405 Which of these options is preferable (or is even an option) depends on the context, but 406 the long-term plans for the energy sector discussed above do not consider water 407 resources limitations in areas where water is already scarce. As a top-down approach, 408 this study still has some limitations in terms of spatial resolution (for example, we 409 were unable to identify basin level water use). If comprehensive plant-level 410 information of water use in energy production facilities in China becomes available, 411 more detailed analysis could be conducted. Combined with an energy planning model, 412 this type of dataset could provide important insights for energy and water planning.  413 
In summary, we have shown that energy is a major component of China’s water 414 scarcity challenge. Our spatially disaggregated analysis allowed a better 415 understanding of the coupling characteristics between energy development and water 416 resources in China and identifying hotspot regions suffering most severe impacts, 417 which provide important inputs to both energy and water plans.  418 
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